In this paper, we present a statistical study into skull deformations caused by positional plagiocephaly. We also consider the hardware used for the assessment of both severity and treatment. State-of-the-art external imaging hardware is employed to assess the three-dimensional geometry of the cranium and face of 69 affected babies. The hardware used for most of this study is based on projected-pattern range finding, although we also experiment with photometric stereo techniques.
Introduction
Positional plagiocephaly is a type of non-synostotic cranial disorder, where the two sides of the skull develop inconsistently, so that the shape of the head exhibits a pronounced asymmetry, flattening or other abnormal shape. Intra-uterine position, premature birth, trauma during birth or long continuous pressure on the head subsequent to birth are all factors that may lead to this distortion. The number of babies with plagiocephaly has risen sharply from 1 in 300 to about 1 in 60 since the introduction of the "Back to Sleep" campaign to decrease the incidence of Sudden Infant Death Syndrome (SIDS) in the early 90's [1, 2, 3] . The standard treatment [4] for cases with significant distort -ion of the cranium is to employ banding techniques, whereby manufactured orthotic helmets are worn for several months in order to correct the direction of skull deve lopment.
This paper aims to use state-of-the-art external imaging hardware to improve the treatment of this condition by considering the effects of the plagiocephaly on facial asymmetry. This is motivated by the fact that when positional plagiocephaly is developing, the anterior portion of one side of the skull and the posterior portion of the opposite side do not grow equally as counterparts. This makes the structure of the skull asymmetrical and consequently distorts the shape of the face.
The contributions of the paper can be summarised as follows:
1. Develop technology and algorithms to better quantify the extent of skull deformation in positional plagiocephaly.
2. Establish the relationship between this deformation and facial asymmetries.
3. Quantify improvements in skull shape during current orthotic treatment techniques using our methods.
Firstly in this paper, we show how a state-of-the-art projected pattern range finder can be employed to rapidly acquire the 3D cranial geometry of a baby's head. In this method, a known light intensity pattern is projected onto the head of the baby and stereo imaging is used to rapidly (≈ 1.5ms) capture shape data. The results of this can then be used for both severity analysis (as in this paper) and in the manufacture of corrective orthotics. The shape capture hardware is both more efficient and more accurate compared to the existing laser range finder methods, which are commonly used at present [5] .
The shape capture hardware also allows for the quantification of the extent of plagiocephaly. We do this using the technique known as the Extended Gaussian Image (EGI) [6] . In this technique, the surface normals of a surface (i.e. a set of unit vectors pointing away from the surface) are projected so as to emanate from a point source. The ends of the normals then form a distribution on the surface of an imaginary sphere. This distribution is what constitutes the EGI. The motivation for using the EGI is that any cranium can be represented by an EGI of fixed size allowing simple comparisons of shape to be made between patients and at various points in treatment. In addition, the EGI is able to parameterise the entire surface geometry, whereas existing methods rely on more subjective quantities that discard large amounts of information, as explained below.
Our quantification of both cranial and facial geometry is based on parameters given by the difference between left and right sides of the EGI. That is, when the EGI is perfectly symmetrical, the parameter for the cranium is zero meaning that there is no plagiocephaly present. Higher values of the parameter indicate progressively more severe cases. The parameter for the face shows how much deformation in the face is present. In this paper, we aim to statistically show that even mild to moderate plagiocephaly can significantly affect facial geometry with a noticeable cosmetic impact.
The final contribution of this paper is to show how the effects of existing orthotic banding treatments can be quantified. The results appear to show that banding is successful at both improving overall skull shape, and in noticeably reducing facial asymmetry. This is a significant result as a major concern for parents of children suffering from plagiocephaly is the long-term cosmetic effects. The result seems to suggest that cosmetic effects can be minimised through banding treatment. However, more extensive research is necessary to obtain conclusive evidence that the banding treatment specifically improves the long-term distortion in a child's skull, as opposed to natural corrections over a longer time frame.
Motivation
As explained above, mild or moderate plagiocephaly, though not harmful to the baby, may represent a significant cosmetic issue. When the deformation is more serious or is left untreated, it may produce neurological or visual dysfunctions [7, 8, 9] . It is thought that early identification and intervention can significantly improve the treatment of plagiocephaly in either case [10] .
Previous research has demonstrated a link between deformational plagiocephaly and facial asymmetry [11, 12] . In practice, some facial features like contra-lateral facial flattening and head tilt have been used to detect the severity of plagiocephaly [1] . This demonstrates the potential for exploiting measurable and quantifiable features in 3D head and facial asymmetry using state-of-the-art hardware in assessing plagiocephaly.
Diagnosis and monitoring of the condition's severity is currently usually determined on the basis of patient history and the findings of a physical examination. X-ray radiography and computer tomography are precision techniques available to examine the morphology of skull bones. However, intensive radiation to infants and the high cost of Figure 1 . Physical arrangement of the 3D geometry capture device. The three boxes are the "pods" of cameras, while the baby sits on the parent's lap on the chair.
these methods tend to render them out of consideration for regular examinations. Instead, low-cost cranial calipers or a tape measure may often be used manually in the pediatrician's office. However, during each measurement procedure, several landmarks must be identified and located very accurately. So this manual measurement process is likely to be more subjective, less reproducible, less accurate and less reliable than the method that we propose here, whereby the entire cranium shape is incorporated.
Methodology
In this section we discuss the full data capture and analysis procedures used. We commence by discussing the hardware used and practical issues regarding data collection. In Section 2.2 we describe how the relevant facial and cranial geometric features were isolated in a consistent way between patients. Finally, we discuss the numerical methods devised to quantify the extent of the plagiocephaly and the correlations with facial asymmetry.
Data Capture and Preprocessing
Here we present details of the hardware configuration for data capture and the procedures we used to clean up the data set. The hardware used was a state-of-the-art commercial 3dMD range scanner [13] . The device consists of three "pods" of cameras, each of which is able to estimate the surface geometry of the part of the baby's head that is visible from that viewpoint. For example, the first pod is placed directly above the baby's head, meaning that the 3D shape of the cranium is estimated. The other two pods are placed approximately 30 degrees to the left and right of the face, as shown in Fig. 1 . Collectively, these three pods of cameras recover the shape of the entire face and cranium of the baby (with the occasional hole, as explained in Section 2.2). Figure 2 shows an example of a raw reconstruction. Each pod captures the geometry of the head as follows. One pod contains three cameras, one projector and one flashgun, although only two cameras and the projector are used for this study. The two cameras, placed 23cm apart, simultaneously capture a slightly different view of the head. At the same instant, the projector illuminates the head with a speckle pattern. The pattern on the head is then analysed from each image to establish corresponding points between the two images from that pod [14] . Triangulation is then used between each viewpoint to estimate the shape. Finally, the data from all three pods are fused to form the complete reconstruction.
Note that this device is significantly more efficient at capturing head shape compared to the more established laser triangulation methods and is less traumatic for the baby. The device is also less prone to noise. Adding a fourth pod to the system, placed towards the posterior part of the head, will allow for the provision of even more complete data sets and offers sufficient data for the manufacture of banding helmets All data for this study were captured from patients at the London Orthotic Consultancy. Patients were scanned with varying degrees of plagiocephaly from almost nonexistent to moderate cases. Several patients were scanned at two points in their treatment, separated by two to three months. Babies were held in position, in view of all three pods, by a parent. A stocking was placed on the head of the patient to flatten the hair. Several scans, each taking approximately 1.5ms to complete, were made per patient and the one with the most neutral expression was used for the study. The commercial 3dMD Patient software was then used to manually delete non-head data such as the neck, shoulders or hands of parents. The remainder of the data processing is performed using custom designed software written in MATLAB. The final preprocessing stage was to align all the head scans, so that they face the same direction. This was an important and nontrivial step for two reasons. Firstly, because the most obvious way to orient a face (at least in terms of yaw and roll angles) is to rotate the face until a symmetry is acquired across the axis of the co-ordinate frame. However, this approach cannot be used here due to the asymmetries caused by plagiocephaly. Secondly, a large part of the asymmetry manifests itself by a mismatch of general face directionality with the cranial directionality. We are specifically looking for such asymmetries so they should not be "hidden" by the alignment process.
The alignment method used was as follows. First, the roll angle of the face was simply selected so that the line of the face connecting the nasion, nose tip and lip centres was perfectly aligned with the y-axis. Then, the yaw angle was set such that the lateral points of alar margin (see points X and Y in Fig.3 ) are perfectly aligned with the xaxis. Finally, the pitch angle is set such that the forehead is vertically aligned with the alar margin (again, see Fig.3 ).
Cranium and Face Extraction
With the head scans cleaned up and successfully oriented, the next stage was to extract the relevant geometrical data. That is, we needed to select the relevant parts of the cranial and facial geometry in a consistent manner between each subject.
For the cranium, we selected the region from the top of the head to halfway down to the eyes. Occasionally there were gaps in the data due to unsettled babies quickly moving out of the viewing area. The 3D reconstruction in Fig. 4 shows an example of this. To overcome the problem, we extracted horizontal contours of the cranium and fitted 2D splines to the polar co-ordinates, as shown in the figure. This method was sufficient to reliably fill holes in scans that had no gaps in measured polar angles above approximately 15 degrees. This was verified by comparing the EGI (see below) of a scan without any holes, to one in which holes had been manually introduced. Cases with larger holes were discarded from the study. As a rough indication, the hole in the reconstruction shown in Fig. 4 , is approximately the largest allowed. Figure 4 . The top image shows the cranium geometry as extracted from the raw data. The gaps are filled by taking points from horizontal slices (an example is shown to the bottom-left), converting to polar co-ordinates and applying cubic spline interpolants (bottom-right).
The face was then extracted using a projection of the reconstructed surface from an angle at 90 degrees to that used for the cranium. The depth of the face was fixed to be 1cm deeper than the lateral canthus of the eyes, as shown in Fig. 5. 
Deformity Parameterisation
With the relevant geometrical data extracted from the raw data (examples are shown in Figs. 4 and 5) , the final, and most crucial, task was to parameterise the geometries ready for analysis. To do this, we employ the mathematical formulation of the EGI [6] . The EGI is a compact way to represent the geometry of a surface based on a set of surface normals. For any given surface, the EGI can be regarded as a sphere with an intensity associated with each point on its surface. The intensity is generally referred to as the "mass", while the sphere is actually a "Gauss sphere". Where the mass is large, then a large number of points on the original surface have similar surface normals to that point on the sphere and vice-versa.
By way of example, the EGI of a cube, would simply have zero mass throughout except for six points of large mass corresponding to the sides of the cube. For this work, we are considering projections of the original surface from two views -one from above for the cranium and one from the front for the face. For this reason, we have two EGIs that are actually hemispherical (a "Gauss hemisphere").
We have chosen the EGI representation for this work for several reasons. The primary reason relates to ease of comparison between subjects. As all subjects have different head and face geometries it is difficult to directly compare one subject to another. However, as the EGIs are all the same size and shape, direct comparisons can be made easily. The second reason is that, unlike caliper-type head measurements that reject the vast majority of information on skull shape, the entire cranium geometry is considered in the parameterisation. Indeed, it has been mathematically proven that, for entirely convex surfaces (nearly true for a face, entirely true for a cranium), all the geometrical information is preserved when the EGI is calculated [15] . Thirdly, the method makes use of the surface normals. In the future, we hope to employ computer vision techniques that are cheaper than projected pattern range imaging and acquire the 3D data more quickly. Many of these methods such as photometric stereo [16] , shape-from-shading [17] or shape-from-polarisation [18], directly calculate the surface normals, meaning that the process of EGI calculation is simplified for such cases. By contrast, the scanner used for this study calculates the actual geometry directly, which must then be differentiated into surface normals, introducing noise to the data. The process by which the EGI is calculated is computionally efficient (a fourth reason to use the technique). As explained by the mathematics in [6] , the mass of the EGI at each point on the hemisphere can be given by considerations of the differential geometry of the original surface. To calculate the EGI, the estimated surface must first be differentiated. This results in a set of surface normals for each point on the cranium/face. These normals are then used to deduce the principle curvatures of localities across the whole surface, and in turn, Gaussian curvature K at each point. More details of the calculation of Gaussian curvature can be found in [19, Ch. 6] . It can then be shown [6] that the EGI mass for a point on the Gauss hemisphere is given by:
where point (ξ, η) on the Gauss hemisphere has the same normal as all points {i} on the original surface (which have real-world co-ordinates (u i , v i )). Figure 6 shows examples of EGI approximations for the cranium and face of the subject in Fig. 2 . For the cranium, it is clear to see a few regions of the EGI with particularly large mass values. The upper-right region, for example, corresponds to the flattened region at the front-right of the cranium (top-right of the figure) where a large region of the surface has similar surface normals throughout. This feature is a typical characteristic of plagiocephaly. The other large-mass regions can be explained similarly on both EGIs. The low-mass regions of the EGIs correspond to surface normal directions that are uncommon on the cranium/face. These EGIs are actually slightly viewpoint biased due to the projections we described in Section 2.2. We hope to improve our methods in the near future with the addition of a viewpoint compensation factor [20] . However, the extra mathematics required to do this is very unlikely to have a significant bearing on the asymmetry correlations detected in this study as the biasing is very small and symmetrical in nature.
A perfectly elliptical cranium or a perfectly symmetrical face would have correspondingly symmetrical EGIs. For plagiocephaly sufferers however, there is an asymmetry in both EGIs due to the deformation of the skull. Of course, this asymmetry is present to a small extent for all people due to the fact that no face or cranium is of "perfect" shape.
To parameterise facial asymmetry using a single value, we look at the ratio of EGI masses to the left and right of the face. For a perfectly symmetrical face, we would like our asymmetry parameter to be 0, while the value should increase for more deformed faces. We therefore define asymmetry by
where M L and M R are corresponding left-and right-handside mass values of the Gauss hemisphere and j is the index of masses on the EGI. Similar definitions of asymmetry are used for both the face and the cranium. We adopt the median ratio as this is more robust to spikes in the data caused by noise or creases in the cap on the baby's head. We also quantify the cranial deformation using the cranial index, which is defined by the ratio of diagonal distances of the cranium as shown in Fig. 6 . We use this as a baseline measure as it has been adopted previously in other studies [3] .
Results
A total of 69 research quality scans were acquired from different patients at the clinic. Most of the patients had mild to moderate cases of plagiocephaly. A range of ages were considered between five months and two years, with the majority aged between six and twelve months. The patients were generally mid-way through their treatment, with a few almost completed. Figure 7 shows the main result of this study. The upper graph shows the relationship between the cranial asymmetry and the cranial index. As one would expect, patients with values of cranial index closer to unity have more generally symmetric heads and, therefore, lower cranial asymmetries. This is expected as the two quantities are providing similar (but inverted) information, although the cranial index incorporates more of the raw data. The data in the figure have a large spread, meaning that there is a large randomness factor associated with the deformation. This means that personal characteristics and the precise manifestation of plagiocephaly both strongly influence the head shape. The cause of the plagiocephaly also has a bearing.
The lower graph in Fig. 7 shows how any facial asymmetries are affected by plagiocephaly. Again there is a clear correlation between the two values. This is a more significant, and less obvious, result as the extent to which plagiocephaly affects facial appearance was previously unclear. Note that the correlation in this graph is stronger, reflecting the fact that the EGI representation is less subjective and considers the more complete data sets than the cranial index metric.
To understand the statistical significance of these results, consider the linear regression shown in the figures. There is no reason to believe that the relationship is linear, but given the spread of data, only the simplest form of The broken curve is a linear regression.
regression can be justified. Pearson's product moment correlation coefficient for the asymmetry measure is 0.7. We can thus infer a significant impact of plagiocephaly on facial asymmetry. Succinctly described, approximately half (0.7 2 ) of the variance in facial asymmetry can be attributed to cranial asymmetry and, therefore, to plagiocephaly.
The final important contribution of this paper is the measurement set of six patients at two points in their treatment. The solid lines in Fig. 7 show the improvement to the head shape over a two to three month period. Firstly, this shows a clear improvement in cranial index, cranial asymmetry and facial asymmetry in all cases. Also, an improvement beyond that expected by the regression curves is demonstrated. This is apparent due to the gradients of the solid improvement lines being greater than the regression line and shows a significant cosmetic advantage to the patients undergoing banding [4] . It should be noted however, that we are yet to compare these changes to a control group of patients who declined treatment. We intend to collect this control group in future work to determine more conclusively whether the improvement in head shape would would not be self correcting without treatment or whether banding merely increases the rate of improvement.
For comparison, the cranium shapes and EGIs for a typical patient are shown in Fig. 8 for two points in his treatment. Although the figure only covers the latter stages of treatment for the patient, it is visually easy to appreciate the improved cranium shape and the more symmetric EGIs.
Conclusion
This paper has presented a statistical study into plagiocephaly and its orthotic treatment. We first showed how a projected pattern range finder is a particularly well-suited imaging device for simultaneously capturing a baby's cranium and face shape. This provided 3D geometrical information that was accurate enough for both this study and to allow for the manufacture of orthotic helmets. Next, we showed how the collected data could be used to quantify the extent of plagiocephaly, and the resulting facial asymmetries, based on EGI methods. The representation that we use captures more information about head shape than traditional metrics such a the cranial index, and so offers a more statistically sound parameterisation. We then presented experimental results to demonstrate the effects of plagiocephaly on facial asymmetry. The results suggested that banding techniques improve both cranial and facial symmetry, although further, more detailed, studies are required to confirm with certainty the need for banding. This is a significant result for plagiocephaly patients as facial symmetry is a cosmetically important feature.
In the future, we hope to extend this study in several ways. Firstly, we hope to take measurements of patients with more severe cases of plagiocephaly, where the effects go beyond cosmetics, to see if the correlation shown in Fig. 7 extends beyond moderate cases. Similary, we would like to investigate other forms of more severe head deformations such as craniosynostosis. Secondly, we will study the development of skull shape for more patients during treatment. Although, the six patients who were scanned twice for this study clearly showed significant improvement in both metrics, we would like more confirmation that this extends to the general population. We are also interested in scanning heads on a regular basis (e.g. weekly) in order to examine the rate of improvement.
Finally, we would like to consider alternate hardware configurations. Despite the success of the 3dMD range scanner used here, the device does have shortcomings. Most notably, it is expensive and physically large. Figure  9 shows the surface normals of a baby's face captured using the alternative method of photometric stereo [16] . This method uses a single camera, with four light source directions to recover the surface normals [21] . This technology is possible for about one third of the cost of the projected pattern scanner, it is significantly more compact and is less prone to calibration and reliability/breakdown errors. In the future, we would like to construct a device to use photometric stereo to calculate the facial asymmetry and then estimate the extent of plagiocephaly from the correspondence established here. This would be a sound method as the primary problem for mild to moderate cases of plagiocephaly is cosmetic (severe cases would be treated separately). Unlike the projected-pattern scanner, such a device could potentially be kept in general practitioners' surgeries or hospitals to act as diagnosis aids.
